During Precision Glass Molding (PGM), the molding tools have to withstand severe thermochemical and thermo-mechanical loads cyclically. To protect their high-quality optical surface against degradation and increase their service lifetime, protective coatings are applied on the molding tools. In this work, we designed four different PtIr protective coating systems, where the thickness of the PtIr layer and the adhesion layer were varied. Their lifetimes were evaluated and compared using an in-house built testing bench. Among all the studied coating systems, the protective coating, which consists of a 600-nm-thick PtIr layer and a 20-nm-thick Cr adhesion layer, showed the best durability with the longest lifetime. To understand the degradation mechanism of the coating during actual engineering production, an industrial PGM machine was used and emulation PGM tests were conducted. Detailed sample characterization was performed using an array of complementary techniques including white light interferometry (WLI), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), scanning transmission electron microscopy (STEM) and atom probe tomography (APT).
Three different groups of surface protective coatings are available for this application, including (1) metal or precious metal alloy coatings such as Pt-Ir [13] , Ir-Re [14] and Mo-Ru [15] alloys, (2) ceramic coatings such as TiN [16] , TiAlN [17] and CrN [18] , and (3) carbon-based coatings such as diamond-like carbon (DLC) [19] . Among them, precious metal alloy coatings with superior oxidation and corrosion resistance are suggested to be most reliable and are currently widely used industrially [20, 21] . Therefore, in this work, we focused our attention on the Pt-Ir coating with approx. 30 at.% Pt and 70 at.% Ir, referred to as PtIr across this article. This composition has been selected for a compromise between the mechanical and chemical properties. With the increase in the Pt content, its oxidation resistance also increases, however the hardness of the film significantly decreases [22] . To enhance the adhesion strength of the PtIr coatings on the cemented tungsten carbide main part, an adhesion layer is also applied, which is normally a pure metallic thin film. Most frequently used ones are Cr and Ni [12, 17, 23] .
We chose a Cr adhesion layer here because it was found to exhibit better performance than Ni [24] [25] [26] . To find the optimal thickness of the PtIr and Cr adhesion layer, four different coating systems, namely a 300-nm-thick PtIr layer with a 20-nm-thick Cr layer (referred to as 300PtIr/20Cr), a 600-nm-thick PtIr layer with a 20-nm-thick Cr layer (referred to as 600PtIr/20Cr), a 600-nm-thick PtIr layer with a 5-nm-thick Cr layer (referred to as 600PtIr/5Cr), and a 600-nm-thick PtIr without Cr layer (referred to as 600PtIr), were designed.
An industrial PGM machine (GMP-211V,Toshiba Machine Co., Ltd.,) as well as a home-built lifetime testing bench [27] were employed to examine the coating systems.
To reveal the detailed degradation mechanism of the coating system, a variety of complementary characterization techniques were applied, including white light interferometry (WLI) for surface morphology and roughness analysis, and scanning electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDX) for surface defects analysis. Furthermore, we employed atom probe tomography (APT) and scanning transmission electron microscopy (STEM), to provide a three-dimensional distribution of elements at the atomic scale and study the microstructural evolution, so as to enable a better understanding of the internal mass transport process [25, 28] .
Materials and methods

Sample preparation
In order to study the same mold material as the ones used in PGM industrial production, we also chose commercial cemented tungsten carbide as substrate (CTN01L, Ceratizit S.A., cemented tungsten carbide with around 0.3 wt.% Co binder). As shown in Figure 1 , we employed two types of samples. (a) Flat samples with an even surface were used in the industrial PGM testing process and (b) pin samples with a spherical surface were used in the lifetime testing bench. To ensure a good coating quality, cemented WC substrates were polished until their surface roughness Ra was smaller than 10 nm. Afterwards, they were cleaned in an ultrasonic bath at four different frequencies (40, 58, 75, and 132 kHz; 3 min each frequency).
A CemeCon CC800/9 Custom magnetron sputtering unit was used for coating deposition at Fraunhofer IPT. Four different PtIr coating systems with various coating thicknesses and adhesion layers (Cr, no interlayer) were deposited, as illustrated in Figure 2 . Details about the deposition process were reported in another publication [25] . 
Industrial precision glass molding test
An industrial glass molding machine (GMP-211V manufactured by Toshiba Machine Co., Ltd., Japan) was employed to investigate the degradation of the coating during the actual PGM production. Figure 3 illustrates the testing setup and detailed conditions of a complete cycle of the PGM process. We used the B270® type glass (Schott AG) containing SiO2, Na2O, CaO, K2O and Sb2O3 etc. as the glass blanks. Initially, they were in a cylindrical form with a diameter of 10 mm and a height of 5 mm. After molding, their heights were reduced to 2.5 mm and their diameter were around 13 mm.
A molding cycle consists in four stages, namely heating, homogenization, molding and cooling.
After inserting the glass blank, the molding chamber is evacuated and reaches a pressure below 3×10-5 bar to remove oxygen and water vapor. The low pressure helps to mitigate subsequent oxidation of the molding tools at elevated temperatures. Then, infrared lamps are used to heat both the molding tools and glass up to the molding temperature. For B270®, the typical molding temperature adopted by industrial producers is approx. 640 °C, therefore, we selected this temperature for our experiments. The molding process is an isothermal process, which means that the molds and the glass blank are held at the same temperature during molding. Since we can only monitor the temperature of the molding tools, to ensure that the glass blank is also thoroughly heated up, i.e. the temperature distribution within it is homogeneous, the molding tool and the glass blank are held still for about 3 min before molding. This is the so-called homogenization stage. To reshape the glass blank, the lower molding tool is moved up towards the upper molding tool until the molding force (1 kN) is reached. This molding force is applied for 2 min. Subsequently, the pressing force is reduced to 0.5 kN and the system is cooled down to 520 °C, below the glass-transition temperature (533 °C), by N2 gas with a relatively slow flow rate. This controlled cooling stage can improve the form accuracy of the optical product.
Finally, the lower molding tool is moved downward and the whole chamber is cooled down to room temperature with a higher N2 gas flow rate. The entire molding cycle takes about 23 min.
After each cycle, the molded glass is manually removed and a new glass blank is inserted for the next molding cycle. 
Accelerated lifetime test
The lifetime of different coating systems was evaluated using a bench developed at Fraunhofer IPT [27] . Compared to an industrial glass molding machine, this facility enables us to test coatings' lifetime more efficiently and economically. On the industrial PGM machine, we can only test one molding tool pair at one time and for each PGM cycle. Reloading a new glass blank and starting the next molding cycle are performed manually. However, on the lifetime testing facility, as Figure 4 (a) shows, three molding tool samples can be examined simultaneously. They are attached to the bottom side of a pressing axis. The raw glass blanks are also of the B270® type, but in a plate shape. The length, width and thickness of the plate are 75, 45 and 6 mm respectively. 5 molding cycles can be performed with a single glass plate. For each testing round, six glass plates are used, i.e. each sample has been tested for 30 molding cycles.
The entire setup is installed in a furnace. Before testing, the atmospheric pressure of the furnace is evacuated to below 5×10-3 bar. Figure 4 (b) shows the detailed process conditions of three successive molding cycles. The molding temperature is the same as the one adopted in the industrial PGM testing, i.e. 640 °C. After heating the entire setup up to the molding temperature, the mold samples are pressed into the glass plate and the molding force of 4 kN is exerted for 1 min. Then, the mold samples that are still in contact with the glass plate are cooled by a N2 gas flow to 485 °C, lower than the glass-transition temperature (533 °C). Afterwards, the pressing axis with the three mold samples is elevated and one molding cycle is finished.
Subsequently, the glass plates are moved automatically to the next position and a new molding cycle is started directly after a short heating period. In contrast to the industrial PGM process, here, the whole process operates in a temperature range between 640 °C and 485 °C. Upon completion of the 30 molding cycles, the entire setup is cooled down to room temperature and new glass plates are inserted for the next testing round. As mentioned previously, on the industrial PGM machine, one molding cycle takes approx. 23 min, while on the lifetime testing facility, one molding cycle is only approx. 14 min. 
Specimen Characterization
Firstly, light microscopy was used to access the coating quality at the macroscopic scale.
Afterwards, the surface roughness Ra of the sample was measured by a white light interferometer (Contour GT-K produced by BRUKER®). During molding, the surface profile of the mold is replicated on the final molded lens. To ensure the final molded lens has a highquality optical surface to transmit light efficiently, the surface roughness of a qualified mold must below a certain limit, which is normally 10 nm. To reveal the detailed degradation mechanism, samples from the industrial PGM process were analyzed using APT and STEM. Both APT and STEM specimens were prepared by an in-situ lift-out method in a dual beam SEM/focused ion beam (FIB) instrument (FEI Helios Nanolab 600i) [14, 15] . Before the lift-out, a thin layer of Pt was deposited above the target region using electron beam assisted site-specific chemical vapor deposition, in order to protect the surface from damage by the energetic ions of the FIB. APT measurements were performed on a Cameca Instruments LEAPTM 3000X HR in laser pulsing mode with 0.8 nJ laser pulse energy and 250 kHz pulse repetition rate. The specimen base temperature was kept at 60 K and the target detection rate was set at 2 detection events / 1000 pulses. These APT experimental parameters were optimized according to a previous study [16] . STEM observations were performed using a JEOL JEM-2200FS microscope with 200 kV accelerating voltage. Figure   1 (a), was in contact with the glass during the whole molding cycle, while the edge area of the mold, marked as 1 in Figure 1 (a) , has no contact with the glass at all. The middle position, marked as 2 in Figure 1 (a) , was only in contact with the glass during the molding and cooling stages. As Figure 5 (b) illustrates, with the increase in molding cycle, the surface roughness of the mold sample increased gradually. After 120 cycles, the surface roughness of the mold sample reached around 7.5 nm, which is close to the upper limit of the surface roughness requirement for a qualified mold (10 nm). Although there was no distinct difference between the roughness values of these three different regions, a clear color change can be observed, which is an indication of surface degradation. To reveal the degradation mechanism of the early stage, we closely analyzed this 120-PGM-cycle-tested mold samples as well as the as-fabricated sample using high-resolution characterization techniques including APT and STEM. from which we can confirm that the surface of the as-fabricated sample is without any oxides or contamination. The PtIr layer has very high purity. As we explained in a previous publication [25] , the in-house designed PtIr target is chemically inhomogeneous, therefore, the deposited Figure 1 (a) ) of a 600PtIr/20Cr sample after 120 PGM cycles in an industrial glass molding machine. Compared to the as-fabricated sample (Figure 6 ), we can find an additional ~30 nm thick Cr oxide scale on the surface, which is formed on the basis of the oxidation of Cr atoms that diffused through the grain boundaries of the PtIr layer to the surface [25] . Within the oxide scale, there is a small glass fragment with high Si content (Figure 7 (b) ). The PtIr layer itself exhibits very good anti-sticking property against hot glass. However, as shown by previous studies [12, 29, 30] , the newly formed oxide scale will enhance the chemical interaction between the coating and the glass blank, and lead to the adhesion of glass on the mold surface. i.e. SiO2, Na2O, CaO, K2O, BaO, and ZnO, the glass also contains a very small amount of Sb2O3 (<1 wt.%) as refining agent to remove the unwanted bubbles from the glass melt during production [31] .
Results and Discussion
Degradation mechanism at the early degradation stage during industrial precision glass molding test
In the interfacial region (Figure 7 (d) ), bulk diffusion between the PtIr and Cr coating took place. As a result, the original Cr interlayer was replaced by an approx. 50 nm-thick interdiffusion zone (IDZ). On the bottom part of this IDZ, there is a small amount of W, which is a clear sign that the dissolution of the WC substrate already initiated. Although the sample history is different, the degradation phenomena observed here are very similar to that reported previously in a model system [25] . Figure 8 shows the surface roughness Ra of a 600PtIr/20Cr sample during the test in the industrial glass molding machine as well as at the lifetime testing bench. The reported roughness for the industrial glass molding process represents the average of three roughness measurements performed at the positions marked 1-3 in Figure 1 (a) . The roughness values for the lifetime testing bench process represent the average of nine roughness measurements done at the positions marked as 1-9 in Figure 1 (b) . The error bars indicate the related standard deviations. The surface roughness of the sample increased slower during the industrial molding testing. After 120 molding cycles, the roughness value is only 7 nm, i.e. the mold is still qualified. While at the lifetime testing bench, only after 30 molding cycles, the surface roughness of the 600PtIr/20Cr sample is already 7 nm. After 90 molding cycles, it increased to 23.9 nm, far beyond the upper limit of the roughness required for production. This difference is supposed to result from the different atmospheres used in these two tests. The pressure in the industrial glass molding machine is approximately 3×10-5 bar, which is much lower than that applied in the lifetime testing bench, i.e. 5×10-3 bar. first macroscopic surface defects. The surface also starts to lose luster. After 60 molding cycles, the number and the size of surface defects increase. However, its surface roughness is only 9.4 nm, meaning the coating system is still qualified for operation. After 90 molding cycles, the 600PtIr/20Cr sample shows a dappled surface. Bright macroscopic areas alternate with areas providing the same dark color as deposited. The surface roughness value increases rapidly. It has more than doubled compared to after 60 molding cycles. The coating system is no more qualified for operation. The EDX result (Figure 12 (a) spectrum 2) indicates that these area contains a large amount of W from the substrate as well as K and Ca from the molded glass, which is a clear sign of glass adhesion. Outside these areas the protective coating is almost intact (spectrum 1). SEM images of the 600PtIr/5Cr sample show with less and smaller local deposits over the surface than the 600PtIr sample. This explains the higher surface roughness of the 600PtIr sample compared to the 600PtIr/5Cr, shown in Figure 10 . EDX analysis indicates again glass components, i.e. Ca, K, and Cl, in the deposits (Figure 12 (b) spectrum 1) .
Degradation during accelerated lifetime test
On the surface of the 300PtIr/20Cr sample, areas with an intact PtIr coating layer were detected ( Figure 12 (d) spectrum 2). However, large areas of coating spallation were observed, which means that the substrate was directly exposed (spectrum 1). Elements from the glass, i.e. K and Zn, were also detected in that region.
The lower magnification SEM image of 600PtIr/20Cr coated surface in Figure 12 (c) indicates a mostly undamaged surface where only one large defect was identified. EDX analysis reveals that it contains several elements from the glass, i.e. P, Mg, Ca and a high amount of Si (spectrum 2). That high amount of Si was also noticed by APT characterization in a small glass fragment on the surface of the 600PtIr/20Cr sample after 120 molding cycles in an industrial glass molding machine, shown in Figure 7 (b). Nevertheless, the remaining surface has an intact PtIr coating layer (Figure 12 (c) spectrum 1). The 600PtIr/Cr20 sample show the least damage compared to the other PtIr coating systems studied, exhibiting the lowest surface roughness, as shown in Figure 10 . Summarizing the accelerated lifetime tests, the 600PtIr/Cr20 coating system shows the best resistance to degradation compared to the other PtIr coating systems studied. 
Conclusion
The lifetime of 4 different PtIr protective coatings were evaluated by using an in-house designed lifetime testing bench and the detailed degradation mechanisms of the protective coating during the industrial PGM process were studied. The following conclusions can be drawn:
1) The in-house designed lifetime testing bench is economical and efficient in evaluating the lifetime of the coating.
2) The amount and size of the surface defects on the protective coatings increases with the increase of the molding cycles, as a result, their surface roughness increases.
3) Compared to the other coating systems studied in this work, the 600 nm PtIr protective coating with 20 nm Cr adhesion layer shows the best resistance to degradation. 4) Diffusion, surface oxidation, glass adhesion and coating flaking off restrict the lifetime of coated molding tools.
5)
The grain boundaries of the PtIr layer work as fast diffusion channels for mass transport and accelerate the degradation process.
